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Introduction 

Mr.  Chairman.  National  Delegates,  Ladies  and 
Gentlemen:  it  is  an  honor  and  a  pleasure  to  present  to 
you  some  work  conducted  by  members  of  the 
Electromagnetic  Wave  Propa;’,ation  Panel  (EPP). 
Since  you  have  heard  overviews  if  EPP's  effort  in  the 
recent  past,  I  will  show  you  today  a  few  examples  of 
how  important  propagation  assessment  can  he  for 
military  operations.  1  also  will  discuss  areas  of  future 
direction  for  EPP. 

The  roots  of  electromagnetic  propagation  research 
and  development  in  AGARD  go  back  to  1956  when 
the  Ionospheric  Research  Committee  was  formed. 
In  1970,  the  present  Electromagnetic  Wave 
Propagation  Panel  was  established  covering  the 
entire  spectrum  from  very  low  radio  through  optical 
and  higher  frequencies.  The  effort  under  AGARD 
sponsorship  during  the  past  35  years  has  resulted  in 
an  impressive  amount  of  published  literature  in  the 
form  of  conference  proceedings,  lecture  series  notes 
and  working  group  reports.  An  example  of  a  recent 
effort  is  an  AGARDograph  (No.  326)  documenting 
the  findings  of  a  working  group  which  addressed 
“Radio  Wave  Propagation  Modeling,  Prediction  and 
Assessment.”  Much  of  the  following  presentation  is 
based  on  material  contained  in  the  AGARDograph. 

Radio  Wave  Propagation  Modeling,  Prediction 
and  Assessment 

Military  operations  depend  on  communications, 
surveillance,  navigation  and  electronic  warfare 
systems  which  rely  on  propagation  of 
electromagnetic  waves  in  the  earth's  environment. 
Assessment  and  prediction  of  the  performance  of 
such  systems  are  critical  for  their  optimum  use.  This 
is  illustrated  for  radiowave  propagation  in  the  lower 
atmosphere  where,  especially  over  the  ocean, 
refractive  layers  may  cau.se  anomalous  propagation 
conditions.  Figure  I  shows  how  such  a  so-called 
surface-based  duct  may  alter  the  radar  coverage  fora 
shipboard  radar.  The  radar  signals  may  propagate  far 


beyond  the  normal  horizon  and  permit  extended 
coverage.  At  the  same  time,  signals  may  be 
intercepted  at  unexpectedly  large  ranges.  Above  the 
l  iver  trapping  the  electromagnetic  energy,  there  may 
be  a  “hole"  in  radar  coverage  which  can  be  exploited 
by  an  intruding  aircraft  or  missile.  In  die  case  of  a 
height-finder  radar  for  which  altitude  is  derived  from 
the  elevation  angle  of  a  narrow-beam  radar, 
significant  altitude  errors  may  be  encountered 
f  igure  2  shows  the  dramatic  effect  of  such  a  surface 
ba.sed  duct  on  jamming  operations  and  illustrates 
how  know'ing  the  environment  can  be  used  to  military 
advantage.  Figure  2  consists  of  tw'o  photographs  of  a 
shipboard  radar  display  during  operations  off  the 
southern  California  coa.st.  The  fact  that  the  radar 
.senses  the  coast  line  and  several  islands  beyond  its 
“normal"  radar  horizon  indicates  the  pre.sence  of  a 
ground-based  duct.  The  left  radar  display  was  taken 
when  a  jamming  aircraft  flew  high  above  the  duct  but 
only  26  nmi  away.  The  radar  is  jammed  over  a  very 
narrow  angle  along  the  radial  to  the  jammer.  The  right 
radar  display  shows  the  jamming  aircraft  at  more  than 
tw'ice  the  distance  away  from  the  ship  but  now  at  a  low 
altitude  of  only  500  ft  which  is  within  the  duct.  Under 
.standard  atmospheric  conditions,  the  ship's  radai 
should  not  be  affected  by  the  jammer  since  it  is  far 
beyond  the  horizon.  Flowcver.  as  one  can  see  from 
the  right  side  of  figure  2,  the  duct  channels  the 
jamming  energy  very  efficiently  and  the  ship's  radar  is 
jammed  over  a  wide  range  of  angles  (i.c  .  through 
radar  sidelobes) 

riie  scientific  understanding  and  the  abilitv  to  morlcl 
anomalous  propagation  effects  must  be  marie 
available  to  the  operational  military  community  m  a 
manner  that  can  be  readily  used.  Ibis  has  been 
accomplished  with  the  increased  availability  ol 
computers  and  display  technology.  An  early  example 
of  a  stand-alone  propagation  assessment  system  for 
shipboard  use  is  the  Integrated  Refractive  Effects 
Prediction  System  (IREPS).  I'his  .system  provides 
radio  and  radar  propagation  assessment  in  a  marine 
environment.  Several  tactical  decision  aids  ( I  DAs) 
were  developed.  An  example  of  a  I  DA  is  shown  m 
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Surface-based  Duct  From  Elevated  Trapping  Layer 


Figure  1.  Radio  propagation  effects  caused  by  atmospheric  refractive  layers 


JAMMING  AIRCRAFT  26  NMl  AWAY 
ABOVE  THE  DUCT  AT  13,000  FT 


JAMMING  AIRCRAFT  55  NMI  AWAY 
IN  THE  DUCT  AT  500  FT 


Figure  2.  Jamming  effectiveness  under  atmospheric  ducting  conditions  (540  ft  surface-based  duct) 


figure  3  for  determining  attack  aircraft  flight 
altitudes.  The  left  side  of  figure  3  schematically 
displays  a  radar  detection  envelope  under  .standard 
atmospheric  conditions.  An  attack  aircraft  would 
avoid  detection  by  flying  low.  The  right  side  of  figure 


3  shows  the  radar  detection  envelope  for  ground- 
based  ducting  conditions  when  radar  coverage  may 
be  greatly  extended.  Since  a  low  flying  aircraft  would 
be  detected  at  long  ranges, flight  altitude  just  above 
the  duct  would  best  facilitate  penetration  without 
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['>t(>|i;ia;iii()ii  ami  is  called  I’KOFMIMI  l.ong  i;m>ie 
propagatii'ii  tor  the  hi  Irequeiicy  band  (2—40  MU/) 
IS  tietermined  bv  the  siriicture  of  the  ionosphere 
which  is  influenced  by  solar  radiation.  Prediction  of 
ht  propagation  conditions  requires  a  complex  mix  ol 
analytical  and  empirical  models.  An  example  of  a 
PROPHET  product  is  shown  in  figure  4.  Signal- 
strength  contours  are  plotted  for  a  24-hour  time 
period  as  a  function  of  frequency.  This  display  is  for  a 
specific  propagation  path  (Honolulu  to  San  Diego) 
and  depends  on  solar  radiation  and  ambient 
electromagnetic  noise.  The  communications 
operator  can  determine  from  this  display  which 
frequency  to  use  to  suit  specific  communications 
requirements  (MUF  is  maximum  usable  frequency, 
EOT  is  frequency  for  optimum  transmission,  LUF  is 
lowest  usable  frequency).  The  hf-frequency  spectrum 
will  remain  of  importance  to  the  military  community 
in  spite  of  advances  in  satellite  communications  for 
two  reasons.  First,  it  remains  a  back-up  in  case  of 
satellite  communications  denial  and,  .second,  many 
countries  (let  alone  terrorists  and  drug-traffickers)  do 
not  have  satellite  resources  and  rely  on  hf.  HFDF 
(high-frequency  direction  finding)  is,  therefore, 
another  important  and  very  successful  application  of 
PROPHET  and  its  many  derivatives  devoted 
specifically  to  this  purpose. 

While  IREPS  and  PROPHET  were  developed  as 
stand-alone  systems,  the  complexity  of  modern 
warfare  necessitated  their  incorporation  into 
command  and  control  systems.  TTie  high-level 
military  decision  maker  must  have  real-time  access  to 
accurate  cn\ironmental  data  which  includes  the 
propagation  environment.  An  example  is  Tactical 
Environmental  Support  System  (TESS)  developed 
by  the  United  States  Navy  which  provides 
meteorological  and  oceanographic  data  to  command 
and  control  systems  (figure  5).  TESS  accepts  forecast 
models  from  central  sites,  receives  real-time 
meteorological  and  oceanographic  satellite  data  and 
uses  locally  generated  models  and  observations. 
TESS  can  either  provide  electromagnetic 
propagation  data  and  TDAs  directly  or  transfer 
properly  formatted  environmental  input  data  to  the 
respective  components  of  command  and  control 
systems.  Similarly,  hf  propagation  as.se.ssment  has 
been  incorporated  into  frequency  management 
systems. 

Future  Directions 

Tropospheric  Radio  Propagation 

In  the  area  of  tropospheric  radio  propagation 
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persistence,  i.e..  it  is  assumed  ihai  presciii  coiuliiimis 
will  not  change  signilicamiv  in  ’he  iieai  luiuic  !  lu  ic 
are.  however,  contliiions  Im  uhicii  li<  >n/oiii.il 
mhomogeneiiy  may  be  important,  im  esanqile  at  an 
mass  bouiularies,  in  eotistal  regions  oi  o\ei  comi'iex 
terrain. 

While  mathematical  techniques  lo  nukld 
propagation  in  horizontally  sarying  enviroiinienis 
lave  existed,  they  were  cumbersome  and  not  suited 
I»)r  real-time  assessment.  1-ortunaieiy.  a  teehmque 
called  the  parabolic  equation  approximation  has 
been  adapted  to  tropospheric  radio  propagation 
during  the  past  decade  and,  in  combination  with 
other  techniques,  appears  to  be  the  solution  lor  last 
computation  of  signal  coverage  in  hori/.unt;ill\ 
varying  propagation  environments.  Figure  b  is  an 
example  of  a  radar  coverage  diagram  for  which  .i 
surface-based  duct  ri.ses  linearly  from  the  surface  at 
range  zero  to  an  altitude  of  .ilM)  m  at  a  range  of 
km  and  then  decrea.ses  lo  the  surface  at  a  lange  ol 
200  km.  The  coverage  diagram  is  based  on  a  hybrid 
model  which  uses  the  parabolic  equation 
approximation  at  low  altitudes  and  ray-optics 
techniques  at  higher  altitudes  (Hitney.  AGARD  (  F 
502,  pages  1.1  — 1.5,  to  be  published  in  Spring  1902) 
Future  work  will  include  surface  roughness  effoctx 
and  propagation  over  terrain. 

The  major  problem  of  operational  assessment  ol 
propagation  in  inhomogeneous  refracii\it> 
conditions  is  not  the  propagation  modehntt  part  but 
the  timely  availabilit)  ol  the  temporal  and  spatial 
structure  of  the  refractivity  field.  There  are  presenlK 
no  sensing  capabilities  available  which  could  be  used 
operationally  and  the  outlook  is  not  very  good.  There 
is  some  hope  of  success  in  two  areas;  use  of  satelhie 
sensing  techniques  to  de.scribe  the  three  dimensional 
refractivity  field  and  improvement  of  numerietil 
me.so.scale  models  that  arc  adequate  fur  ihis  purpose 
Since  entirely  rigorous  solutions  are  uniikely  to  Iv 
available  soon,  empirical  data  have  to  be  used  as  well 
as  expert  systems  and  artificial  intelligence 
techniques.  In  addition,  improved  direct  and  icmotc 
ground-based  refractivity  .sensing  techniques  need  to 
be  developed.  Radiosondes  and  miciowave 
refractometers  will  remain  ihe  major  sources  foi 
refractivity  profiles.  Profiling  lidars  may  supplcmenl 
techniques  under  clear  sky  conditions  and  then 
practicability  will  he  further  investigated.  I  hcrc  is. 
presently,  little  hope  that  radiometric  methods  c.an 
provide  profiles  with  sufficient  vertical  resolution  lo 
be  u.seful  for  propagation  a.s.scssment  Ihcrc  is. 
however,  some  hope  that  radars  themselves  c;in 
eventually  be  used  to  (smvuie  refiticiivity  profiles. 
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Typical  IREPS  Radar  Coverage  Diagrams  and 
Attack  Aircraft  Positions 


Figure  3.  Flight  altitudes  for  attack  aircraft  for  different  atmospheric  ducting  conditions 
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Figure  4.  Signal  strength  contours  for  high-frequency  propagation  coverage. 
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Figure  6.  Radar  coverage  diagram  for  horizontally  varying  refractiviiv  conditions. 
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So  tai.  I'lop.tsMn.  'll  III  ilic  licqufiKA  laiiiji-  I'olow  ilic 
Ilf  baiui  has  lun  been  discussed  li  is  oUeii  leiei  led  hi 
as  lone  uave  piojiaeatioii  and  .1  iiumhei  "!  nnhiaiv 
apphcalioiis.  especi.illy  loi  siialeuis  use.  oc' up\ 
Irequcncics  tn  this  Ivand  Propaszatuiii  ot  lone  waviA 
over  ereat-circle  paths  in  a  hoiuoticneous  ionosphere 
IS  well  unders!<ii 'd.  I  ess  understood  are  the  effeels  of 
propagation  osei  non-great -circle  (laths.  the  eilects 
of  inhomogeneous  ionospheric  coiulitions  caused  hy 
energetic  particle  precipitation,  sporadic  1.,  electron 
density  ledges  and  nonreciprocal  propagation 
phenomena.  Another  area  in  need  of  attention  is  die 
improvement  of  atmospheric  noise  prediction  codes. 
Finally,  the  often  exten.sive  computer  time  required 
by  longwave  propagation  codes  should  be  shortened 
through  more  efficient  algorithms  and  faster 
numerical  technique.s. 

High-Frequency  Propagation 

Empirical  data  base.s  are  used  in  short  wave 
propagation  modeling  and  assessment  work.  These 
data  bases  need  improvement  in  both  accuracy  and 
spatial/temporal  coverage.  Profile  inversion 
techniques  which  are  used  to  derive  electron  density 
profile  parameters  give  non-unique  answers  and  need 
to  be  refined.  Short-term  ionospheric  fluctuations 
and  tilts  are  becoming  increasingly  important  for 
modern  geolocation  and  surveillance  systems.  An 
intensive  measurement  and  modeling  effort  is 
required  to  understand  ano  predict  such  phenomena. 
Some  of  the  physics  of  solar-ionospheric  interactions 
and  the  time  scales  involved  are  still  poorly 
understood  and  require  further  research.  Existing 
short  wave  propagation  assessment  systems  are 
based  on  simple  models.  Future  systems  will  need 
sophisticated  models  and  extensive  validation 
procedures.  With  increased  computer  capability, 
more  complex  models  can  be  executed  fast  enough 
for  near-real-time  applications.  Also,  the  increasing 
use  and  availability  of  oblique  and  vertical  incidence 
sounders  make  this  data  source  an  attractive 
additional  input  for  a.ssessmenl  systems.  This  would 
make  it  possible  to  update  the  various  ionospheric 
parameters  used  in  the  models  which  form  the  basis 
of  these  a.s.sessment  systems.  In  addition,  the 
availability  of  computer  networks  should  allow  the 
development  of  regional,  near-real-lime  models 
based  on  a  net  of  sounder  measurements. 

Transionospheric  propagation  predictions  are 
limited  by  the  accuracy  of  total  electron  content 
(TEC)  values.  Much  of  the  difficulty  arises  from 
geomagnetic  storm  effects,  traveling  ionospheric 
disturbances,  lunar/ttdal  effects,  and  other  temporal/ 
spatial  phenomena.  The  best  and  only  major 
improvement  over  monthly  7'EC  climatology 
predictions  can  be  obtained  by  real  data  observations 
not  more  than  a  few  hours  old  taken  where  the  TEC- 
time-delay  correction  is  required.  Present  theories 
are  inadequate  to  predict  these  temporal  devi^iilwii.-. 
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Ionospheric  scintiilalKnis  arc  caused  by  '.urious 
filasma  instabilities  A[rpro.ximaie  stt-tchasiic 
solutions  to  the  propagation  problem  describe 
quaniiiatively  the  .scintillation  phenomenon  when  the 
statistical  properties  of  the  irregularities  are  known 
Morphological  models  of  scintillation  have  been  built 
to  predict  the  scintillation  occurrence  and  strength  as 
a  function  of  geographical,  geophysical  ami  solar 
parameters.  Since  ionospheric  scintillation  can  be  a 
limitation  to  various  space-based  systems,  empirical 
models  have  been  made  available  for  system  design 
However,  the  solar  and  geomagnetic  dependence  of 
scintillation  is  still  not  fully  understood  and  requires 
more  attention  in  the  future.  Multi-technique 
measurements  have  proved  very  productive  and 
should  be  the  experimental  approach  for  future 
modeling  efforts. 

For  hf  ground-wave  propagation  assessment,  the 
approximate  models  now  utilized  should  to  be 
replaced  by  more  complex  and  comprehen.sive 
prediction  models.  This  should  improve  the  accuracy 
of  assessment  and  would  avoid  the  discontinuity  at 
frequencies  where  a  change  in  approximation  models 
IS  now  made.  New  software  should  allow  for  a  non¬ 
standard  atmosphere  and  for  sections  with  different 
ground  electrical  properties. 

Millimeter-Wave  and  Electrooptical  (EG) 
Propagation 

Figure  7  shows  atmospheric  attenuation  for 
frequencies  above  10  GHz.  Molecular  absorption 
and  extinction  from  aerosol  particles  (haze,  fog, 
clouds,  rain,  snow  etc.)  play  a  major  role.  The  solid 
curve  in  the  figure  denotes  molecular  absorption 
which  rapidly  increases  above  10  GHz  with 
alternating  peaks  and  valleys.  Of  particular  interest  is 
the  valley  just  below  100  GHz  which  offers  still 
acceptably  low  attenuation  rates  for  many 
application.s.  What  makes  the  frequency  range 
between  90— 100  GHz  attractive  is  that  the  relatively 
small  wavelength  (approximately  3  mm)  permits 
narrow  antenna  beams  for  small  apertures.  The 
major  advantage  of  mm-waves  over  frequencies  in 
the  infrared  or  optical  region  is  that  miii-waves  are 
less  affected  by  hazes,  fogs,  smokes  and  clouds  and 
are  also  capable  of  penetrating  foliage  Fliey  are  also 
.strongly  affected  by  atmospheric  refr.icnvity  In  the 
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Moleeiilai  .ihMuptkiii  Jet  leases  Im  iietjueneies 
almse  lb  I  H/  bui  is,  .igain,  ehaitieieri/ed  by  peaks 
and  \ alleys  There  are  several  such  \ alleys  m  the 
inlrared  band  and  mnleculai  absorption  is  very  lou 
ioi  the  visible  bantl  I  ()  s\stenis  aie  sensor  and 
weapon  systems  whielr  rely  on  eleetrornagnetie 
radiation  in  the  inlrared,  visible  and  ultraviolet 
wavelength  ban<ls.  I'hey  .ire  of  specific  importance  to 
mihiarv  operations  because  they  permit  [lointiiig 
accuracies  and  covertness  not  achievable  at  radio 
wavelengths.  Unfortunately,  they  are  significantly 
more  dependent  on  the  properties  of  the  propagation 
medium  than  radio  wavelengths.  This  critical 
dependency  controls  their  deployment  and  requires  a 
precise  knowledge  of  the  effects  of  the  propagation 
environment  on  then  performance. 

Figure  H  illustrates  atmospheric  parameters 
influencing  the  performance  of  a  Forward  Looking 
Infrared  (FLIR)  system  operating  in  a  marine 
environment  The  primary  atmospheric  parameters 
affecting  the  propagation  of  radiation  in  ihe  (EO) 
bands  are:  aerosol  e.vtinction,  molecular  ab.sorption, 
turbulence  and  refraction.  Aerosol  extinction  is  the 
sum  of  scattering  and  absorption  by  atmospheric 
aerosols.  Shape,  chemical  composition,  and  size 
distribution  of  atmospheric  aerosols  are  dependent 
on  a  number  of  other,  often  unknown,  parameters 
(such  as  air  mass  origin,  relative  humidity,  wind,  etc.) 
and  are  difficult  to  mea.iure  and  model.  Molecular 
absorptiw..  is  probablv  the  best  understood  of  the 
above  parameters  and,  for  practical  purposes,  can  be 
accurately  predicted.  Atmospheric  turbulence  is 
primarily  due  to  temperature  fluctuations  and  may 
cau.se  beam  wander,  scintillations  and  image  blurring. 
Atmospheric  refraction  may  significantly  shorten  or 
extend  horizon  ranges  for  near-surface  geometries 
which  is  an  important  factor  in  the  detection  of  low- 
flying  anti-ship  missiles. 

Besides  the  atmospheric  parameters  which  control 
propagation,  use  of  some  F:0  sensors  requires  a 
knowledge  of  additional  environmental  factors. 
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1  nviroiinicnial  lie  lois  afleeting  1  ()  sssieiiS'.  niusi  i-i 
known  lor  both  (tie  design  ol  stall  s\sit  nis  .nu!  lii..  n 
oplin'uni  op'Timonal  deploymeni  I  tesii’ii  o! ''v’.'.  1 
systems  and  planning  of  military  opeiMiions  teuuiie 
good  siatisiaal  tl.iia  liases  while  iheii  .uiu.il  um 
neccssilates  aeeuraie  niformalion  ot  the  loiulmouv 
presen!,  riierelore.  models  nceti  to  he  develi  iped  .m.i 
validated  which  relate  atmospheric  1  O  p.u.inaieis 
to  commonly  available  meteorologaal  tiai.i  \n 
example  is  an  aerosol  model  based  on  iem|iei.iUiie 
humidity  and  wind  observations,  A  pariani.ii  K 
challenging  task  is  the  developnicni  ot  new  sensm.’ 
techniques  for  both  in-situ  and  satellite  use  .Among 
various  approaches  arc  lidars  (l.isei  i.ul.trs), 
radiometric  techniques  and  a  varieiy  of  deMces  w  Inch 
measure  angular  scattering  from  aerosols 

Finally,  comprehensive  techiti'logies  h,t\e  been 
developed  using  fibers  to  transmit  TO  sign.ils.  I  liese 
technologies  are  dominated  by  commeieial 
applications  but  there  are  significant  milit.irs  uses 
that  make  fiber  optics  an  important  eoneern  foi  I  PP 
An  example  is  use  of  ultra-losv  loss  fillers  to  guide 
missiles  or  to  remotely  control  vehicles 

Conclusions 

Electromagnetic  propagation  assessmcni  is  crucial  m 
ihc  development  of  sensor  and  weapon  svsieins.  in 
military  planning  .iikI  tor  real-time  operations  I  heie 
arc  many  challenging  tasks  remaining  in  all  regions  ol 
the  electromagnetic  speetriim  Promising  are.is  loi 
emerging  applications  are  mm-wave  and  lO 
wavelength  bands.  ,A  maj.n  concern  n  "mcK  ,md 
accurate  description  of  the  piopag.ition 
environment.  Itiereasingly  sophisticated  sienal 
proce.ssing  techniques  will  lie  requireri  foi  i.irn 
resistani.  rioisv  ami  congested  eicctioinaencnc 
environments.  lor  military  opeiaiu'iis, 
electromagnetic  propagation  assessment  must  be  ,in 
integral  part  of  command  and  control  systems 
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